This paper presents a rapid and novel technique of growing nanowires of Si 0.75 Ge 0.25 alloy at 900°C in less than 10 min by processing the constituents in a TE 011 single mode cylindrical resonant cavity, operated at 2.45 GHz and ϳ300 W. The microstructural, crystal structural, and x-ray photoelectron spectroscopic studies of the nanowires have been carried out to establish their dimensions, crystallographic structure, and composition, respectively. It is proposed that the growth of nanowires is due to electromagnetic field assisted morphological transformation.
Since the first observation of visible luminescence from the etched Si, 1 there has been a great interest in the area of light emission from various forms of Si-based materials. It is reported that a size reduction in the Si polycrystals, down to Bohr excitonic radius ͑ϳ5 nm͒, was necessary to acquire visible light emission from nanocrystalline silicon. 2 Alloying and doping can improve the radiative recombination efficiency in silicon nanostructures. 3, 4 The room temperature photoluminescence in Si oxide nanowire observed at 470 nm, shifts in Si 1−x Ge x oxide nanowire to 415 nm. 5 Various methods are used to synthesize nanowires of different materials. These include vapor-liquid-solid process, 6 laser ablation method, 7 solution growth, 8 and multimode microwave ͑MW͒ processing technique, 9 etc. MW processing has many advantages, including substantial enhancement in reaction and diffusion kinetics, volumetric heating, processing of different types of materials using separated E-and H-fields, and its environment friendliness. 10, 11 In a multimode cavity, energy is distributed over a number of modes and over a wide area, while in a single mode cavity almost entire energy is confined either in high E-or H-field, resulting in more efficient interaction with certain materials. In the present study, nominally pure H-field at a frequency of 2.45 GHz has been employed for the growth of Si 0.75 Ge 0.25 alloy nanowires in ambient atmosphere.
To synthesize nanowires of Si 0.75 Ge 0.25 alloy, appropriate amounts of pure silicon and germanium powder were thoroughly mixed in a ball milling machine using zirconia balls, and the resulting fine powder was then pelletized. The pellets were processed in a single mode MW resonant cavity ͑de-signed to sustain TE 011 mode providing predominantly H-field with high intensity at the location of the pellet͒ for different durations in different runs. The nanowires samples prepared in different runs are labeled as 75SG5 ͑800°C, 5 min͒, 75SG2 ͑900°C, 2 min͒, and 75SG10 ͑900°C, 10 min͒. A schematic experimental setup is shown in Fig. 1 . It consists of a MW source, a circulator, a single mode resonant cavity, a dummy load and an optical pyrometer ͑Raytek model, RAYMA2SCSF͒. The cavity is designed in such a fashion that H-field lines are maximum with almost no E-field lines at the center. The cavity is equipped with a shorting plunger and a fine tuner, which are employed to optimize the coupling efficiency.
The x-ray diffractograms ͑XRD͒, recorded using Philips X'Pert PRO, of the starting powder and of the nanowire sample ͑75SG10͒, are shown in Fig. 2 . The lattice parameter a of both Si and Ge have been estimated as 5.42 and 5.65 Å, respectively. The XRD pattern of the processed nanowire ͑75SG10͒ is in conformity with the diamond lattice structure, and reveals expected shift in ͑111͒, ͑220͒, ͑311͒, ͑400͒, and ͑331͒ reflections toward lower 2, thus indicating the alloying of Si with Ge in the nanowires. The lattice parameter a of the nanowires has been estimated to be 5.47 Å, which is very close to the value ͑5.48 Å͒ calculated using Vegards's law for Si 0.75 Ge 0.25 composition. The full width at half maximum ͑FWHM͒ of the ͑111͒ peak in XRD of 75SG10 is found to be 3.5 times that of the corresponding peak in the XRD of the starting powder. This increase in FWHM can be ascribed to the reduction in the size of a diffracting particle, i.e., to the diameter of the nanowires in the present case. The low intensity reflections marked by ‫"ء"‬ and "#" correspond to the presence of small amounts of oxide and oxynitride phases, respectively, in the sample. The scanning electron micrographs ͑SEM͒ of 75SG5, 75SG2, and 75SG10, recorded by employing an electron microscope, Zeiss EVO 50, are shown in Figs. 4͑a͒-4͑c͒ , respectively. It is evident from these figures that the length of the nanowires increases with time and temperature of processing, which is expected. Figure 4͑a͒ shows small nanowires sprouting from various alloy particles. The inset shows a magnified view of a part of the micrograph. It is known that time varying magnetic field induces circulating nonconservative electric field. In the present case H-field varying at 2.45 GHz induces an E-field, which acts as an additional driving force, and results in the nucleation of nanowires at the alloy particle even at a lower temperature of 800°C. It may be noted from Figs. 4͑b͒ and 4͑c͒, that most of the Si 0.75 Ge 0.25 alloy nanowires are quite long ͑Ͼ10 m͒. The energy dispersive analysis of x-rays spectrum of 75SG10 ͓in-set of Fig. 4͑c͔͒ reveals that the nanowires mainly comprise of silicon and germanium ͑with a small fraction of nitrogen and oxygen͒. The x-ray photoelectron spectra of core level electrons in Si and Ge ͑75SG10͒ were recorded on SPECS spectrophotometer using Mg K␣ ͑1253.6 eV͒ as an excitation source. The charge shifted data is corrected with C1s ͑284.6 eV͒ peak. As shown in Fig. 5 , Si 2p core level spectrum apparently has two asymmetric broad ͑FWHMϾ 2 eV͒ peaks, whereas the Ge 3p spectrum exhibits a single asymmetric broad peak. This implies that both Si and Ge, in addition to SiGe alloy, form some other compounds ͑on the surface͒ resulting in a change in the chemical state, and hence the binding energy of the core level ͑2p and 3d͒ electrons depending upon the electronegativity of the atoms reacting with Si and Ge. Both the core level spectra are, therefore, deconvoluted to identify different chemical states of Si and Ge. A nonlinear least squares fit is used to determine peak positions in the deconvoluted spectrum, and the peak shape is modeled with Gaussian function. The values of FWHM of different Gaussian peaks were compared with the standard data for Si and Ge compounds and their elemental forms. 12 It is reported that the maximum shift in the core level of Si 2p and Ge 3d in Si 1−x Ge x alloy, with x Յ 0.3 is only Ϯ15 meV, 13 which is too small to be detected in the present case. The first two deconvoluted peaks in Si 2p spectrum corresponding to the doublet ͑2p 3/2 and 2p 1/2 ͒ were, therefore, centered at 99.3 and 99.9 eV, respectively, with the energy separation of 0.6 eV and the intensity ratio of 2:1. The other deconvoluted peaks, positioned at 100.4, 102.6, and 103.9 eV, arise due to changed oxidation state of silicon caused by neighboring atoms of higher electronegativity ͑oxygen: 3.5 eV and nitrogen: 3.0 eV͒, possibly forming SiO x , SiN x O y , and SiO 2 phases, respectively. 14 Likewise, the core level spectrum of Ge 3d ͓Fig. 5͑b͔͒ is appropriately deconvoluted into four peaks appearing at 29, 29.6, 30.8, and 32.1 eV. The peaks at 29.0 and 29.6 eV, having energy separation of 0.6 eV and the intensity ratio of 3:2, correspond to Ge 3d doublet ͑3d 5/2 :3d 3/2 ͒. The remaining two peaks appearing at 30.7 and 32.1 eV, reveal a chemical shift of 1.8 and 3.1 eV ͑Ref. 15͒ in Ge 3d 5/2 elemental core level, and correspond to GeN x O x and GeO x , respectively. The x-ray photoelectron spectroscopy ͑XPS͒ analysis thus confirms the presence of Si and Ge in the sample along with formation of oxides and oxynitrides of Si and Ge on the surface of the nanowires sample ͑Ͻ1 nm, which is escape depth of photoelectron͒, though in very small quantity as revealed by low intensity peaks in the XRD spectrum.
In summary, a bulk quantity of Si 0.75 Ge 0.25 alloy nanowires has been synthesized by MW processing of silicon and germanium powder in a separated H-field in a very short duration ͑ϳ10 min͒. It is proposed that the electromagnetic energy at 2.45 GHz is assisting the initiation of growth of nanowires. The XRD and HRTEM have confirmed the alloy formation. Both XRD and XPS have revealed the formation of oxynitride and oxide phases in the samples, possibly on the surface of nanowires.
